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Pav-KLP is the Drosophila member of the MKLP1 family essential for cytokinesis. In the syncytial blastoderm embryo,
GFP-Pav-KLP cyclically associates with astral, spindle, and midzone microtubules and also to actomyosin pseudocleavage
furrows. As the embryo cellularizes, GFP-Pav-KLP also localizes to the leading edge of the furrows that form cells. In
mononucleate cells, nuclear localization of GFP-Pav-KLP is mediated through NLS elements in its C-terminal domain.
Mutants in these elements that delocalize Pav-KLP to the cytoplasm in interphase do not affect cell division. In mitotic
cells, one population of wild-type GFP-Pav-KLP associates with the spindle and concentrates in the midzone at anaphase
B. A second is at the cell cortex on mitotic entry and later concentrates in the region of the cleavage furrow. An ATP
binding mutant does not localize to the cortex and spindle midzone but accumulates on spindle pole microtubules to
which actin is recruited. This leads either to failure of the cleavage furrow to form or later defects in which daughter cells
remain connected by a microtubule bridge. Together, this suggests Pav-KLP transports elements of the actomyosin
cytoskeleton to plus ends of astral microtubules in the equatorial region of the cell to permit cleavage ring formation.
INTRODUCTION
Mutations in the Drosophila gene pavarotti lead to a failure of
cytokinesis in cycle 16 of embryogenesis whereby cells fail to
form a correctly organized central spindle in the late stages
of mitosis and do not undergo cell division (Adams et al.,
1998). The gene encodes a kinesin-like protein (Pav-KLP)
that is a member of the MKLP-1 subfamily. In mammals,
MKLP1 (Nislow et al., 1992) has a longer isoform CHO1
(Sellitto and Kuriyama, 1988), a splice variant with an addi-
tional exon (Kuriyama et al., 2002). Family members in other
organisms include ZEN-4 in Caenorhabditis elegans (Raich et
al., 1998) and KRP110 in sea urchin (Chui et al., 2000). The
phenotype of zen-4 mutants in C. elegans suggests that the
motor is required for completion of cytokinesis (Powers et
al., 1998; Raich et al., 1998). In contrast, Drosophila Pav-KLP
seems to have an additional role in initiation of cytokinesis,
because pav mutant embryos at cycle 16 fail to form a con-
tractile ring (Adams et al., 1998). In vitro microtubule bun-
dling experiments with one of the founder members of the
family, MKLP1, suggested that the protein might enable
antiparallel microtubules to slide against each other (Nislow
et al., 1992). This finding, which is supported by hydrody-
namic experiments on sea urchin KRP110 (Chui et al., 2000),
led to the suggestion that one of its functions might be in
spindle elongation during anaphase. However, measure-
ments of pole-to-pole distances indicated that such spindle
elongation was unaffected in pavarotti mutants, thus arguing
against an exclusive role for the motor protein in this process
(Adams et al., 1998). Nevertheless, a function in regulating
the organization of overlapping microtubules may still be
important to establish correct central spindle structure for
the correct execution of cytokinesis (Giansanti et al., 1998;
Gatti et al., 2000).
The MKLP-1 family members have been reported at the
central spindle during late anaphase and telophase and on
the midbody after the completion of cytokinesis. During
interphase the proteins accumulate in the nucleus before
mitosis. In the incomplete cytokinesis that occurs during
gametogenesis in Drosophila, Pav-KLP is retained in the ring
canals that form from the contractile ring and that connect
cells of the germ line within cysts (Carmena et al., 1998;
Minestrini et al., 2002). Nuclear localization of a green fluo-
rescent protein (GFP)-tagged form of the protein was ob-
served after its expression in the female germ line and could
be prevented by mutations in either the conserved ATP
binding site of the motor domain or in nuclear localization
sequences in the C-terminal domain (Minestrini et al., 2002).
Both such mutations led to the formation of stable arrays of
cytoplasmic microtubules, and the progressive disruption of
the actin cytoskeleton, ultimately resulting in the accumula-
tion of cytoplasmic aggregates containing tubulin, actin, and
at least some of their binding proteins.
A GTPase-activating protein for Rho family GTPases
(CYK-4) is required to recruit the ZEN-4 protein to the
central region of the late mitotic spindle (Jantsch-Plunger et
al., 2000). These two proteins are physically complexed in C.
elegans (Mishima et al., 2002) as are their fly counterparts,
Pav-KLP and RacGAP50C (Somers and Saint, 2003). In
mammals the corresponding GTPase-activating protein
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MgcRacGAP is also required for cytokinesis and associates
with the central spindle in late mitosis (Hirose et al., 2001). In
Drosophila, RacGAP50C has also been shown to interact with
the Rho-GTP exchange factor encoded by pebble, a protein
required to regulate actinomyosin organization in cytokine-
sis (Prokopenko et al., 1999; Somers and Saint, 2003). This
points toward the existence of a multisubunit complex that
can mediate interactions between the microtubule and acti-
nomyosin cytoskeletons during cytokinesis. An interaction
between the mammalian CHO1 KLP and actin has also been
reported by Kuriyama et al. (2002), adding to evidence that
this family of motor proteins plays a crucial role in mediat-
ing such cytoskeletal interactions.
The Drosophila embryo is syncytial for the first 13 rapid
cycles of mitosis, suggesting that its maternal dowry of
Pav-KLP might participate in processes other than cytokine-
sis. The nuclei are initially found in the interior of the
embryo, but during division cycles 8 and 9 migrate to its
surface. Syncytial blastoderm divisions (cycles 10–13) occur-
ring at the cortex of the embryo then involve microtubule-
mediated, cyclic rearrangements of F-actin and myosin II
(Foe et al., 1993; Foe et al., 2000). Nuclei are contained within
buds of cortical cytoplasm during interphase that flatten
slightly concomitant with spindle formation during meta-
phase, break down when spindle poles separate during
anaphase and telophase, and reform during interphase of
the following cycle. Actin polymerizes at the cortex directly
above the forming buds during telophase and interphase
and cortical myosin II begins to vacate the regions where the
F-actin “caps” form (Foe et al., 1993, 2000). As bud growth
continues during prophase, newly polymerized actin is lost
from the caps and accumulates at the sites already occupied
by myosin II. Pseudocleavage furrows transiently form to
separate neighboring buds during cycles 10–13 and so serve
as barriers between adjacent spindles. After cycle 14, plasma
membranes extend from the cortex to surround individual
nuclei in a process that necessitates coordinate function of
the actomyosin cytoskeleton and microtubules. A G2 phase
is introduced into the 14th division cycle that occurs in
distinct spatiotemporal domains.
In this article, we examine the dynamics of localization of
GFP-tagged Pav-KLP in nuclear division cycles in syncytial
embryos, in the process of cellularization, and in cell divi-
sion cycles at subsequent stages. The localization of the
Pav-KLP motor is consistent with its participation in inter-
actions between the actomyosin and microtubule cytoskel-
etons at each of these stages. We find that during cell divi-
sion Pav-KLP associates with the midzone region of the
anaphase-telophase spindle as described previously, but
also with the entire cortex of the cell later to concentrate at
the contractile ring. This is perturbed by dominant mutants
in the ATP-binding motif of the motor domain that result in
an unusual accumulation of both the mutant protein and
actin at the spindle poles. We discuss these patterns of
intracellular localization with respect to the functions of the
motor protein particularly in cytokinesis.
MATERIALS AND METHODS
GFP-tagged Pav-KLP and Its Variants
In this study, we have used genes expressing chimeric forms of GFP and
Pav-KLP that were described previously (Minestrini et al., 2002). To study the
dynamics of Pavarotti localization at different stages of embryonic develop-
ment, we carried out observations on embryos derived from females homozy-
gous for a second-chromosomal insertion of a ubiquitin-driven gfp-pavarotti
transgene.
We also studied a number of mutant forms of Pav-KLP that were described
by Minestrini et al. (2002), except that rather than being cloned into the
pUASp vector (Rorth, 1998) they were cloned into pUAST (Brand and Perri-
mon, 1993). This permitted expression in the soma rather than the female
germ line. The chimeric genes encode GFP-tagged full-length wild-type pro-
tein; forms carrying point mutations in one, three, or four C-terminal putative
nuclear localization signals [UAS-GFP-PavNLS5*; GFP-PavNLS(5-7)*, or GFP-
PavNLS(4-7)*, respectively]; and a form carrying a mutation in the ATP
binding region of the motor domain (UAS-GFP-PavDEAD). These were in-
troduced into Drosophila by using standard techniques for germ line transfor-
mation. Expression of GAL4 from the tub(mat4)GAL4-VP16 transgene (a
kind gift of D. St Johnston, Wellcome Trust-CRUK Institute, Cambridge,
United Kingdom) was then used to drive expression of the GFP-tagged
Pav-KLP mutant. Flies carrying two copies of the UAS-GFP-PavNLS5* trans-
gene and two copies of the GAL4-VP16 transgene were viable and fertile and
could therefore be kept as a homozygous stock. Similarly, flies carrying two
copies of GFP-PavNLS(5-7)* or GFP-PavNLS(4-7)*, which carry deletions of,
respectively, three or four NLS-like motifs and two copies of the GAL4-VP16
driver transgene could also be kept as a homozygous stock. To observe the
phenotype of GFP-PavDEAD, it was necessary to cross females homozygous
for the tub(mat4)GAL4-VP16 transgene to males homozygous for the
pUAST-GFP-PavDEAD transgene and analyze the resulting F1 embryos.
To determine whether expression of GFP-PavNLS(5-7)* or GFP-PavNLS(4-
7)* could rescue the embryonic lethality of pav mutant embryos, we expressed
these constructs in a pav mutant background when GAL4 was matrernally
provided from tub(mat4)GAL4-VP16. This led to rescue of the embryonic
lethality with the pav mutants surviving to late pupal and adult stages.
To monitor expression levels of GFP-tagged forms of Pav-KLP, embryos
were collected on grape juice agar plates from each of these lines and from an
Oregon R wild-type stock either over a 5-h period or over a 3-h period and
then allowed to develop for a further 2 h. They were then dechorionated using
50% bleach for 3 min, washed, and homogenized on ice in 1 mM Mg Cl2, 50
mM Tris-HCl pH 7.5. An equal volume of 3 SDS-gel loading buffer was
added and the samples boiled for 5 min and centrifuged at 14,000 rpm for 5
min at room temperature before being subjected to electrophoresis on 10%
polyacrylamide SDS gels followed by Western blotting. A 1:5000 dilution of
the rabbit anti-Pav-KLP antibody GM2 raised against the bacterially ex-
pressed full-length protein (Minestrini, 2001) was used to detect both wild-
type and GFP-tagged forms of Pavarotti. The mouse anti-tubulin N356 anti-
body was used to detect tubulin as a loading control. Levels of expression of
the transgenic constructs are shown in Figure 1.
Time-Lapse Laser Scanning Confocal Microscopy
Embryos were collected at 25°C on grape juice agar plates. All subsequent
operations were performed at 18°C. Embryos were dechorionated by hand
with forceps and transferred to a drop of Voltalef 10S halocarbon oil sitting on
a slide. Two coverslips were put on each side of the drop to prevent squashing
of the embryos, which were covered with another coverslip. All images were
acquired on an MRC-1024 confocal microscope (Bio-Rad, Hercules, CA). Time
Figure 1. Western blot to show expression levels of GFP-tagged
forms of Pav-KLP. Embryo extracts were subjected to SDS-PAGE
and Western blotting as described in MATERIALS AND METH-
ODS.
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series were generated using the “Time Series” function of the Bio-Rad soft-
ware. Each image results from two to three scans of the sample, and new
images were acquired every 20–60 s. In general, each embryo was not
followed for 1 h.
Fixation and Immunostaining of Embryos
Embryos were collected at 25°C on grape juice agar plates, dechorionated by
using 50% bleach, and washed before fixation. For phalloidin staining, em-
bryos were fixed with 3.7% formaldehyde for 20 min and devitellinized using
80% ethanol. For immunostaining without phalloidin, embryos were fixed
with 37% formaldehyde for 5 min and devitellinized using 100% methanol.
Embryos were blocked for 1 h in PBT (Phosphate Buffered Saline [Sigma] plus
0.1% Triton X-100)  1% bovine serum albumin and the anti-Pavarotti GM2
antibody (1/500) was incubated overnight at 4°C. Embryos were washed in
PBT and then incubated in fluorescein isothiocyanate-conjugated secondary
antibody (1/200; Jackson Immunoresearch Laboratories, West Grove, PA) for
2 h at room temperature before again washing in PBT. Phalloidin staining
(phalloidin-Texas Red, 1/200; Sigma-Aldrich, St. Louis, MO) was then per-
formed for 1 h in PBT before mounting in Vectashield mounting medium
H-1000 (Vector Laboratories, Burlingame, CA). TOTO-3 iodide staining for
DNA (1/1000; Molecular Probes, Eugene, OR) was performed overnight at
4°C before mounting in Vectashield mounting medium H-1000 (Vector Lab-
oratories). All images were acquired on an MRC-1024 confocal microscope
(Bio-Rad).
RESULTS
In Preblastoderm Embryos GFP-Pav-KLP Associates
With Astral and Spindle Microtubules Independently of
the Actomyosin Cytoskeleton
Because Pav-KLP is supplied to the Drosophila embryo as
a maternal dowry (Adams et al., 1998), we wished to
follow the dynamics of its localization before the onset of
zygotic gene expression. We first examined the distribu-
tion of Pav-KLP before the microtubules of the mitotic
apparati within the syncytium make contact with the
actomyosin structures at the cortex. The first nine nuclear
division cycles occur in the interior of the embryo and
during this time nuclei become uniformly distributed
along the anterior posterior axis of the embryo before they
undergo their cortical migration. We found these early
embryos contain aggregates of GFP-Pav-KLP (Figure 2, A
and B, arrow) that can be distinguished from the dark
yolk particles (Figure 2A, YP). Because nuclei increase in
number throughout mitotic cycles 1–9, GFP-Pav-KLP
binds to the spindle microtubules as soon as the spindle is
established (Figure 2B, S). It concentrates at the spindle
midzone (SM) during anaphase and telophase and along
astral microtubules (Figure 2C, AM).
At Syncytial Blastoderm GFP-Pav-KLP Accumulates in
Midbodies and Is Recycled into the Cortical Actomyosin
Cytoskeleton
The actomyosin cytoskeleton becomes organized into a
network that surrounds the migrating nuclei as they ar-
rive at the cortex before cycle 10 at the onset of the
syncytial blastoderm stage. In many respects, the distri-
bution of GFP-Pav-KLP in this network resembles that
described for myosin II (Foe et al., 2000). During prophase,
GFP-Pav-KLP moves away from the regions occupied by
cytoplasmic buds and accumulates in the pseudocleavage
furrows that separate neighboring nuclei (Figure 3A, ar-
row at 000). Concomitant with the breakdown of the
nuclear membrane at the poles at the onset of promet-
aphase (Stafstrom and Staehelin, 1984), GFP-Pav-KLP
moves into the region occupied by the spindle, with
which it stays associated throughout metaphase (Figure
3A, arrows at 100 and 200). At the onset of anaphase
the motor protein is more clearly associated with spindle
microtubules (Figure 3A, arrow at 230) and moves to-
ward the midzone region (arrowheads in Figure 3, A and
B, at 230 and 000, respectively) where it concentrates
throughout telophase (Figure 3B, arrowhead at 100).
During the interphase preceeding the next cycle, GFP-
Pav-KLP is not associated with nuclei (Figure 3B, arrows
Figure 2. Maternally contributed GFP-Pav-KLP becomes incorpo-
rated into spindle microtubules in preblastoderm syncytial em-
bryos. (A) Live early preblastoderm embryo in which GFP-Pav-KLP
is found in small aggregates (arrow) that seem preferentially dis-
tributed at both embryonic poles. Energids (EG), the developing
somatic nuclei, look like light fluorescent spheres, whereas yolk
particles (YP) are dark spheres that exclude fluorescent protein. Bar,
100 m. (B) Preblastoderm embryo at a later stage than in A under-
going mitosis. GFP-Pav-KLP is found on spindle microtubules (S)
and is still present in maternal aggregates (arrow). Bar, 100 m. (C)
Field of mitotic nuclei in the late stages of their migration to the
cortex of the embryo. GFP-Pav-KLP binds to AMS and moves along
interpolar microtubules to the SM. Bar, 10 m.
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at 215 and 330) and has a more diffuse distribution on
the cortical cytoskeleton. As the embryo moves into
prophase the GFP-Pav-KLP that accumulated in midbod-
ies becomes incorporated into the pseudocleavage fur-
rows as they reform (Figure 3B, arrows at 215 to 500).
GFP-Pav-KLP Is Present at the Leading Edge of the
Furrow Canals and in the Somatic Nuclei During
Formation of the Cellular Blastoderm at Cycle 14
The lengthening of interphase that occurs in the syncytial
blastoderm stages permits increasing levels of GFP-Pav-KLP
to accumulate within nuclei reaching high levels during
cycle 14 (Figure 4A, arrow). It is also present at lower levels
in the cortical network that surrounds each nucleus (our
unpublished data). As cellularization proceeds GFP-Pav-
KLP concentrates at the leading edge of invaginating furrow
canals (Figure 4, B and C, arrows) until they reach their
Figure 3. Association of GFP-Pav-KLP with pseudocleavage fur-
rows and spindle midzone during nuclear division cycles of the
syncytial blastoderm. Two series of time frames from live syncytial
blastoderm embryos undergoing mitosis. Time intervals are indi-
cated in minutes and seconds. (A) At prophase, GFP-Pav-KLP va-
cates the cortical region above protruding nuclei and accumulates in
the pseudocleavage furrows (arrow at 000). From prometaphase to
anaphase, GFP-Pav-KLP shows an additional association with the
spindle (arrows at 100 to 230) and becomes concentrated along
spindle microtubules (arrow at 230) in the spindle midzone (ar-
rowhead at 230). (B) GFP-Pav-KLP is also accumulating at the
spindle midzone in the anaphase of this second series (arrowhead at
000) to become concentrated at the midbody during late anaphase
(arrowhead at 100) and telophase (arrowhead at 215). The posi-
tions of two sister nuclei are marked with arrows from telophase to
the subsequent prophase (215 to 500). GFP-Pav-KLP from the
midbodies fragments and becomes incorporated into pseudocleav-
age furrows during interphase and into the prophase of the next
cycle (arrowheads from 330 to 500).
Figure 4. GFP-Pav-KLP accumulates in nuclei and at the leading
edge of furrow canals during formation of the cellular blastoderm at
cycle 14. (A–C) Optical sections of an embryo at cellularization. (A)
A plane close to the embryo surface in which GFP-Pav-KLP is seen
concentrated in the cell nuclei (arrow). (B) An optical section of the
same embryo at a depth of 7 m more toward the interior. The
depth of focus is coincident with the leading edge of the furrow
canals, with which GFP-Pav-KLP is associated (arrow). (C) Saggital
section of the same embryo (80 m deeper than section A) reveals
that GFP-Pav-KLP is present in the leading edge of the furrow
canals (arrow) but is not visible in the lateral parts of the membrane
that separates the nuclei. Bars, 20 m.
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maximum depth of 30 m from the surface (Young et al.,
1991). Thus, GFP-Pav-KLP becomes localized with the acto-
myosin rings at the basal end of the nascent columnar cells
that contract to complete cellularization (Warn, 1986; Pesa-
creta et al., 1989; Young et al., 1991). This suggests that
GFP-Pav-KLP might be the motor that, through interactions
with the membrane-bound actomyosin ring, could partici-
pate in pulling furrows down around cells moving toward
the plus end of astral microtubules that extend toward the
interior of the embryo, a mechanism previously suggested
by Foe et al. (1993, 2000).
In Mononucleate Cell Division GFP-Pav-KLP Cycles from
the Nucleus to the Cellular Cortex and Concentrates in the
Cleavage Furrow
The staining of fixed preparations of cellularized embryos
had previously shown that Pav-KLP was associated with
interphase nuclei and with the mitotic spindle during
mitosis (Adams et al., 1998). The lines expressing GFP-
Pav-KLP allowed us to examine the dynamics of this
redistribution. Two such cells undergoing mitosis are
shown from separate viewpoints in Figure 5, A and B
(lateral in A and polar in B). During prophase, GFP-Pav-
KLP was only found in the cell nucleus (N in Figure 5, A
and B, at 0). On partial break down of the nuclear mem-
brane during prophase/prometaphase, GFP-Pav-KLP was
released from the nucleus and began to accumulate at the
cell cortex (C in Figure 5A at 4; B at 6). In metaphase and
early anaphase it seemed to be uniformly distributed
around the cortex (C in Figure 5A at 7; B at 9). At these
times what seemed to be a smaller proportion of GFP-
Pav-KLP associated with the spindle. It can be seen along
the length of the region occupied by the spindle in Figure
5A (S at 7) and looking “end-on” at the spindle in Figure
5B (S at 9). During late anaphase and telophase, the
cortical GFP-Pav-KLP moved away from the poles of the
dividing cell and began to concentrate in the region where
the cleavage furrow was about to form (CF in Figure 5A at
21). At this same time, spindle-bound GFP-Pav-KLP
seemed to translocate to the SM. During telophase, the
cortical GFP-Pav-KLP had concentrated into the cleavage
ring (CR in Figure 5A at 24). The polar viewpoint of the
other cell at a slightly later stage of telophase showed that
seemingly the majority of GFP-Pav-KLP was within this
cortical ring as it contracted (CR in Figure 5B at 12).
However, some of the labeled protein was also associated
with the SMs running through the cleavage ring. As the
daughter cells entered interphase at the end of cytokine-
Figure 5. Nuclear GFP-Pav-KLP reassociates with the cell cortex and the spindle microtubules during embryonic mononucleate cell
divisions. (A and B) Two time-lapse series of dividing cells, one in which the axis of the spindle lies in the focal plane (A) and the other
looking down the spindle axis that lies perpendicular to the focal plane (B). The mitotic phase is indicated for each time frame and time points
are given in minutes. GFP-Pav-KLP seems to relocate from the nucleus (N) to the cell cortex (C) from where it becomes concentrated in the
region of the cleavage furrow (CF) and then to be integrated into the CR. Some GFP-Pav-KLP also associates with the spindle (S) and the SM.
By interphase GFP-Pav-KLP in the cleavage ring and spindle midzone seem to coalesce in the MB. (C) An example of a fixed embryo showing
an identical localization of GFP-Pav-KLP to the nucleus (N), cell cortex (C), and S. GFP-Pav-KLP is shown in green (top), phalloidin stain for
filamentous actin is shown in red (middle), and a merge of these two images (bottom).
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sis, the GFP-Pav-KLP was concentrated in the midbody
(MB in Figure 5, A and B at 32 and 15, respectively). To
localize GFP-Pav-KLP with respect to the actin cytoskel-
eton, we stained such embryos with Texas Red-labeled
phalloidin. A major subpopulation of GFP-Pav-KLP (Fig-
ure 5C, green) could clearly be seen to colocalize with
cortical actin (red) in early mitotic cells.
Failure of GFP-Pav-KLP to Relocalize to the Nucleus
Seems Not to Affect Embryonic Cell Division
We have previously shown that when Pav-KLP was ectopi-
cally expressed in the female germ line, it would accumulate
in nurse cell nuclei (Minestrini et al., 2002). This nuclear
accumulation could be prevented by mutations in classical
nuclear localization sequences in the C-terminal domain of
the molecule or by a mutation in the ATP-binding site,
resulting in a putatively inactive motor. Elevated expression
of such mutant constructs resulted in the accumulation of
stable cytoplasmic microtubules and a disruption of the
actomyosin cytoskeleton of the egg chamber. We wished to
determine the consequences of preventing the nuclear accu-
mulation of Pav-KLP in dividing cells by expressing these
same mutant constructs. We first found that the C-terminal
nuclear localization signal 5 (NLS5) was not responsible for
directing import of GFP-Pav-KLP into embryonic nuclei just
as we had previously found for nurse cell nuclei (Minestrini
et al., 2002). Flies carrying two copies of the UAS-GFP-
PavNLS5* transgene and two copies of the GAL4-VP16
transgene were viable and fertile and could therefore be kept
as a homozygous stock. Moreover, the subcellular distribu-
tion of the labeled molecule throughout mitosis followed
exactly the same temporal pattern as wild-type protein and
during interphase showed strong nuclear localization (Fig-
ure 6B). Similarly, expression of either GFP-PavNLS(5-7)* or
GFP-PavNLS(4-7)* which carry point mutations in, respec-
tively, three or four NLS-like motifs also showed no domi-
nant effect on viability. Flies carrying two copies of the UAS
construct directing the expression of either such a mutant
protein and two copies of the GAL4-VP16 driver transgene
could also be kept as a homozygous stock. However, both
GFP-PavNLS(5-7)* and GFP-PavNLS(4-7)* were excluded
from the nucleus and mainly associated with cytoplasmic
microtubules of interphase cells (Figure 6C). The two forms
of the mutant protein also showed a similar distribution in
mitotic cells and localized at the cell cortex (CC in Figure 6C)
and on the spindle in cells at prophase and through to
metaphase and early anaphase. From late anaphase to telo-
phase, the nuclear localization mutant proteins became con-
centrated at the cleavage furrow region to associate with the
contractile ring throughout cytokinesis (Figure 6D, CR). The
association of these mutant proteins with microtubules is
pronounced at this stage particularly in the region of the
cleavage ring. By the end of cytokinesis, the protein had
accumulated in midbodies that were shed into the interstitial
regions between interphase cells as is also seen with the
wild-type protein. Together, this indicates that the overlap-
ping nuclear localization signals 6 and 7 are necessary for
nuclear import of Pavarotti and that at this stage of devel-
opment and levels of expression failure of the protein to
translocate to the nucleus is not deleterious to cell prolifer-
ation or to development. This was not simply due to the
coexpression of endogenous wild-type protein in these em-
bryos. We found that expression of either GFP-PavNLS(5-7)*
or GFP-PavNLS(4-7)* can rescue the embryonic lethal pav
mutant phenotype allowing survival of homozygous pav
mutants to late pupal and adult stages from these constructs
when driven by maternally provided GAL4.
GFP-PavDEAD Accumulates with Actin on Spindle Pole
Microtubules
We wished to know the extent to which the dynamic pattern
of Pav-KLP localization in the mitotic cycles of mononucle-
ate cells required its own motor activity. To this end, we
followed the localization pattern of GFP-PavDEAD, a vari-
ant that carries a point mutation in a conserved residue of
the ATP-binding region of the motor domain. We followed
the distribution of this protein in embryos derived from
mothers homozygous for the GAL4-VP16 transgene that had
been mated to males homozygous for the UAS-GFP-
PavDEAD transgene (Figure 7A). Such mothers accumulate
GAL4 in their oocytes expressed from the maternal 4-
tubulin promoter that in turn drives the expression of the
Figure 6. A subset of nuclear localization
sequences is responsible for directing nuclear
import of Pav-KLP. (A) A UAS construct,
GFP-PavNLS(4-7)*, carried in germ line trans-
formants, indicating the position of four po-
tential NLSs subjected to point mutation. (B)
Surface view of a live cellularized embryo
showing that Pav-KLP carrying a mutation in
NLS5, GFP-PavNLS5*, continues to accumu-
late in the nucleus (N) during prophase. (C)
Expression of GFP-PavNLS(5-7)* in extended
germ band embryos. A dashed circle sur-
rounds a group of cells in interphase and
prophase, that have GFP-PavNLS(5-7)* at the
cell cortex. Arrowheads indicate cells at meta-
phase or anaphase, in which GFP-PavNLS(5-
7)* is associated with the spindle (S) and the
cell cortex (CC). (D) Telophase cells from a
cellularized embryo in which GFP-PavNLS(5-
7)* associates with cortex-bound AMs and the
CR. Similar localization patterns are seen for
GFP-PavNLS(4-7)* (our unpublished data).
Bars, 5 m (D) and 50 m (B and C).
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Figure 7. GFP-PavDEAD accumulates at the spindle
poles and leads to stabilized microtubules. (A) Sche-
matic representation of the UAS construct coding for
GFP-PavDEAD that carries a point mutation in the
ATP-binding site. (B–D) Distribution of GFP-
PavDEAD in cells undergoing cell division. (B) GFP-
PavDEAD is found at the SPs and along the AMs at
metaphase. (C) At anaphase, GFP-PavDEAD is not
only present at the SPs but also along a connection that
has formed between the two poles (arrowhead). (D)
Toward the completion of cytokinesis, AMs remain at
the SP and still surround the nucleus (N) to form a
bridge (arrowhead) between the daughter cells. (E) A
time series of confocal images of a cell expressing
GFP-PavDEAD. Time points are given in minutes and
seconds. GFP-PavDEAD is found at separating centro-
somes (arrowheads in inset at 000) and the SPs
throughout the cell division and is missing from the
cell cortex and the cleavage ring (arrowheads at 1500
to 3000). (F) Example of an embryo that has accumu-
lated apparently stabilized microtubules (arrow). Such
embryos fail to develop. The arrowhead points at a
group of cells, in which GFP-PavDEAD is localized at
spindle poles/centrosomes. Bars, 5 m (B–D) and 50
m (E).
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paternally provided transgene in the late blastoderm em-
bryo. We observed two consequences upon the extent of
cytokinesis exhibited during cycles 14–16 of the cellularized
embryo. One group of cells initiated but failed to complete
cytokinesis. They accumulated GFP-PavDEAD at their spin-
dle poles (SPs) and along AMs throughout prometaphase to
anaphase (Figure 7B). At late anaphase/telophase, GFP-Pav-
DEAD labeled narrow bundles of microtubules that con-
nected the spindle poles (Figure 7C). These persisted as
microtubular bridges between daughter cells (arrowhead in
Figure 7D) that were connected to cytoplasmic microtu-
bules. The other group of cells seemed not to initiate cyto-
kinesis and accumulated GFP-Pav-DEAD at their SPs. Weak
spindle staining could be seen (S in Figure 7E at 345) that
diminished further at later stages, suggesting the putative
inactive motor might be transported to the poles from both
astral and spindle microtubules by a minus end-directed
motor or through the poleward flux. Most of the GFP-
PavDEAD remained uniformly distributed at both spindle
poles thereafter. Interestingly spindle lengthening occurred
as though anaphase B were taking place (Figure 7E, between
730 and 1500), indicating that the construct does not have
a dominant negative effect upon this aspect of spindle func-
tion. However, not only did GFP-Pav-KLP fail to localize
with any aspect of the contractile ring (arrowhead in Figure
7E, 1500 to 3000d), but cytokinesis was prevented. The
consequence to the embryo was an accumulation of cells
blocked in cell division (Figure 7F, arrowhead) and of cells
containing abnormal arrays of microtubules (Figure 7F, ar-
row) both of which compromised development. We were
unable to observe accumulation of GFP-PavDEAD in inter-
phase nuclei, in association with the cortical regions of the
cell or with any aspect of the contractile ring structure.
Because the localization of GFP-Pav-KLP in wild-type
embryos suggested dynamic interactions with the actomyo-
sin cytoskeleton, we wished to know whether this might be
affected by accumulation of GFP-Pav-DEAD at the spindle
poles. We therefore stained such cells with phalloidin to
reveal actin in relation to GFP. The glancing section of three
cells shown in Figure 8, A–C, shows the unusual accumula-
tion of actin (red) in the vicinity of spindle poles that are
heavily decorated with GFP-Pav-DEAD. The association of
actin at the focus of such a pole in a cell sectioned through
the centrosome is also shown (Figure 8, D–F). Thus, as
previously observed after the expression of this molecule in
oogenesis (Minestrini et al., 2002), mutation in the ATP-
binding pocket seems to cause stable association of the mo-
tor protein with microtubules and thereby to affect the sub-
cellular distribution of actin.
DISCUSSION
Our findings extend those from a study of the phenotype of
pavarotti mutant embryos where a role for the gene product
in cytokinesis was indicated by the generation of binucleate
cells (Adams et al., 1998). Although spindle elongation
seemed to take place during anaphase, a properly organized
central spindle did not form. Moreover, pavorotti mutants
failed to initiate the formation of an actomyosin contractile
ring after anaphase. These observations added to growing
evidence that formation of the midzone region of the central
spindle is a necessary precondition to organize the cleavage
ring for cytokinesis. The immunolocalization of Pav-KLP to
the spindle midzone was in keeping with such a role. The
present study of the localization of GFP-tagged Pav-KLP in
living embryos shows the motor protein also to be present at
known sites of interaction between putative plus ends of
microtubules and the actomyosin cytoskeleton in both sync-
tial and cellularized embryos.
For the first 10 division cycles of the syncytial embryo,
Pav-KLP seems not to interact with the actomyosin cytoskel-
eton. Before blastoderm most of the protein associates with
the spindle. During this period, the molecule concentrates at
the midzone during anaphase, much as it does in mono-
nucleate cells, consistent with a plus end-directed motor
activity. It also shows particularly strong labeling of astral
microtubules. In this latter respect, localization of GFP-Pav-
Figure 8. Expression of GFP-PavDEAD re-
sults in abnormal accumulation of actin
around spindle poles. Optical sections
through individual spindle poles in fixed
preparations of cellularized embryos to show
GFP-PavDEAD (green; A and D) and actin
(red; B and E). C and F are merged images.
Three cells in glancing section (A–C) and one
sectioned through the centrosome (D–F)
showing strong accumulation of GFP-
PavDEAD at the spindle poles. In addition to
labeling the cell cortex actin accumulates at
the poles (arrows; yellow in merged images).
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KLP differs from the previous observations by immuno-
staining that detected the endogenous protein on centro-
somes rather than asters. Although either of these
experimental approaches could lead to artifacts, it seems
most likely that the particularly sensitive astral microtubules
were insufficiently well preserved in the previous immuno-
localization studies and so collapsed back to the centrosome
during fixation. Its presence on astral microtubules may
indicate a role in sliding antiparallel astral overlap microtu-
bules against each other. Such a function is needed to keep
the correct spacing between neighboring nuclei and for cor-
tical migration of the nuclei during cycles 7–9 (Zalokar and
Erk, 1976; Foe et al., 1993).
The characteristic colocalization of Pav-KLP with micro-
tubules and actomyosin throughout subsequent successive
stages of embryogenesis that suggest it could mediate a
crucial link between these components of the cytoskeleton.
Once nuclei have migrated to the cortex, Pav-KLP begins a
dynamic pattern of colocalization with putative plus ends of
spindle microtubules and the cortical actomyosin cytoskel-
eton. During metaphase it associates with pseudocleavage
furrows and then in anaphase and telophase, spindle asso-
ciated GFP-Pav-KLP molecules move toward the central
spindle and concentrate in the midbody.
During cycle 14 membranes extend toward the embryo’s
interior to compartmentalize the 6000 or so cortical nuclei
(Foe et al., 1993). At this time, GFP-Pav-KLP is present both
in the nucleus and at the tips of invaginating membranes
where F-actin, myosin II, Peanut, and anillin are also known
to localize. The movement of the actomyosin network and its
associated proteins to invaginate membranes around the
newly forming cells has been postulated to track along mi-
crotubules with a plus end-directed motor providing the
motile force (Foe et al., 1993; Foe et al., 2000). Pav-KLP is
certainly one candidate for such a task.
The dynamics of GFP-Pav-KLP localization in mononucle-
ate cells undergoing cell division from cycle 14 onwards is
consistent with the motor having at least two roles in facil-
itating the reorganization of the actomyosin cytoskeleton for
cell division: one in the organization of or the transport of
molecules along the central spindle during anaphase and
telophase; and the other in reorganizing cortical molecules
along astral microtubules. Our observations of the localiza-
tion of GFP-Pav-KLP throughout cell division are summa-
rized schematically in Figure 9. GFP-Pav-KLP is present in
the cell nucleus until prophase and is redistributed into two
populations after breakdown of the nuclear membrane. The
first is represented by a low level of GFP signal occurring on
the mitotic spindle around the time of metaphase and that
will move to the spindle midzone from anaphase onward.
The second population of GFP-Pav-KLP seems to constitute
most of the GFP fluorescence. It is uniformly distributed at
the cell cortex throughout metaphase. Such cortical associa-
tion of the endogenous Pav-KLP is also apparent by immu-
nostaining and can be seen in the original article of Adams
et al. (1998). From anaphase to telophase, cortical GFP-Pav-
Figure 9. Schematic representation of distri-
bution of Pav-KLP with respect to the cell
cortex and the developing central spindle.
Cells are shown at the indicated stages of
division in which the distribution of Pav-KLP
has been shown diagrammatically to repre-
sent the findings in this article. The motor
protein is nuclear during interphase and
prophase, but then separates into two popu-
lations: one associated with spindle microtu-
bules (dark green) and the other with the cell
cortex (light green) where we postulate it is
complexed to components of the actomyosin
cytoskeleton. We suggest the former popula-
tion of molecules is responsible for organizing
overlapping microtubules in the central re-
gion of the spindle. The insets illustrate how
Pav-KLP might concentrate actomyosin-asso-
ciated molecules in the equator of the cell.
One possibility (top box) is that Pav-KLP and
its associated cargo might move toward the
plus ends of astral microtubules (open black
arrows) ending in the equatorial region of the
cell cortex. Alternatively, if microtubule ends
are destabilized, the motor protein and its
cargo might be transferred to an adjacent mi-
crotubule that extends further toward the
equatorial region of the cell (open red arrows;
bottom box). In this way, the motor and its
cargo would accumulate around the nascent
cleavage ring. Centrosomes are shown in or-
ange and chromosomes in blue.
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KLP moves from the polar regions of the cortex toward the
equatorial region where the cleavage furrow will form.
Herein, it becomes incorporated into the cleavage ring. This
dynamic relocalization of the protein is consistent with Pav-
KLP providing the motor protein functions to transport
components of the actomyosin cytoskeleton toward the plus
ends of cortical microtubules to concentrate in a cylinder
whose perimeter will become the contractile ring. Similar
ideas have been previously suggested for plus end-directed
motors by Foe et al. (2000). At the end of the division, when
the ring is fully contracted, all GFP fluorescence accumulates
in the midbody, and thus the majority of Pav-KLP seems to
be discarded from the daughter cells with the loss of this
structure.
Surprisingly, neither the formation and function of the
mitotic spindle nor cytokinesis is visibly affected in embry-
onic cells expressing GFP-PavNLS(4-7)*, a mutant form of
the protein lacking nuclear localization sequences and un-
able to localize to the nucleus during interphase. Cell divi-
sion of otherwise wild-type embryos seems not to be affected
by expression of this mutant molecule that is still able to
localize to the cell cortex and at later stages of the division to
the cleavage ring. Moreover expression of GFP-PavNLS(4-
7)* mutant in a pav background is able to rescue the embry-
onic lethality of this stock, allowing survival to late pupal
and adult stages. On the other hand, expression of the
putatively immotile GFP-PavDEAD molecule with a muta-
tion in its ATP-binding site results in dominant lethality.
This mutant form of Pav-KLP not only fails to enter the
nucleus but also shows significantly reduced association
with the cell cortex. This suggests that the plus end-directed
motor activity of Pav-KLP is essential for its cortical local-
ization and equatorial concentration. The rigor-like associa-
tion of GFP-PavDEAD with microtubules is similar to that
seen with an equivalent point mutation in the ATP-binding
domain of the yeast motor protein Kar3p (Meluh and Rose,
1990). Moreover, a similar mutant of the centromere-associ-
ated mitotic centromere-associated kinesin has also been
observed to undergo rigor binding to microtubules and fails
to enter the nucleus (Wordeman et al., 1999). The GFP-
PavDEAD protein seems not to be released from microtu-
bules and is itself transported polewards. Two dominant
mutant phenotypes are seen, presumably reflecting different
degrees of expression of GFP-PavDEAD between cells. In
the first, cells fail to enter cytokinesis and show no sign of
formation of either a cleavage furrow or a central spindle. In
this respect they resemble cells in pavarotti mutant embryos
(Adams et al., 1998). In the second group of cells expressing
the dominant mutant, daughter cells are produced that re-
main connected by stable microtubules, indicating defects at
later stages of cytokinesis. This phenotype is very similar to
that obtained by Matuliene and Kuriyama (2002) after the
expression of the CHO1 isoform of mammalian MKLP1 with
a mutation in its ATP-binding domain in CHO cells. This
together with the finding that depletion of CHO1 by RNAi
led to disorganization of midzone microtubules led these
authors to conclude that this form of the mammalian ho-
molog functions to ensure midbody formation for the com-
pletion of cytokinesis. Although it is possible that the ho-
mologous proteins have subtly different functions in
different species or cell types, being required for the initia-
tion of cytokinesis in some (‘Adams et al., 1998) and its
completion in others Powers et al., 1998; Raich et al., 1998;
Matuliene and Kuriyama, 2002), it is difficult to draw direct
comparisons because one cannot be sure of the extent to
which function is lost either in mutants or in RNAi experi-
ments. However, expression of the “motor-dead” protein in
Drosophila does suggest both early and late roles for the
molecule in cytokinesis.
A striking feature of cells in which the initiation of cyto-
kinesis is prevented by expression of GFP-PavDEAD is the
accumulation of the inactive motor protein on spindle pole
microtubules. This may reflect either its transport by a mi-
nus end-directed motor or it may be the consequence of
polar mircrotubule flux. A consequence of this is the accu-
mulation of actin in the vicinity of the centrosome. A reor-
ganization of the actomyosin cytoskeleton was also seen
when this mutant form of the protein was expressed in
Drosophila oogenesis (Minestrini et al., 2002). Although we
do not know the molecular mechanism behind this reorga-
nization of the actomyosin cytoskeleton, it indicates that the
motor protein is able to mediate associations between the
actomyosin and microtubule cytoskeletons. Such interac-
tions are central to cytokinesis in wild-type cells and in other
processes that share aspects of this machinery at other stages
in Drosophila development.
The mammalian counterpart of Pav-KLP, CHO1, has also
been shown to interact with actin (Kuriyama et al., 2002). In
this case, the interaction has been mapped to an exon that is
not present in the splice variant form MKLP1. It is not
known however, whether this interaction is direct or indi-
rect. On the other hand, MKLP1 has been shown to undergo
a direct interaction with a small G protein, Arf, that is
required for membrane trafficking and may have a function
in facilitating membrane fusion events at cytokinesis (Bow-
man et al., 1999). Two members of the MKLP1 family have
also been shown to interact directly with a conserved Rho-
family GTPase-activating protein. In C. elegans, this is en-
coded by cyk-4 (Jantsch-Plunger et al., 2000; Mishima et al.,
2002) and in Drosophila it corresponds to RacGAP50C (Som-
ers and Saint, 2003). Somers and Saint (2003) have proposed
that Pav-KLP transports RacGap50C along cortical microtu-
bules to the cell equator. Once at the cell equator, it is
proposed that RacGAP50C mediates another interaction
with the Pebble Rho GEF to position contractile ring forma-
tion and coordinate F-actin remodeling (Somers and Saint,
2003). Tatsumoto et al. (1999) have shown that Ect2, a mam-
malian ortholog of Pebble, is also involved in cytokinesis.
Many components of this emerging complex remain to be
defined. It does not seem that the Pebble GEF opposes
RacGAP50C, thus leaving the open question of what the
respective opposing proteins might be. It is of considerable
future interest to determine precisely how Pav-KLP interacts
with other proteins and how they are loaded and unloaded
during the highly dynamic process of cytokinesis.
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